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Abstract.  The fate of alcohol  oxidase (AO)  in chemostat- 
grown cells of Hansenula polymorpha,  after its inactivation 
by KCN, was studied during subsequent cultivation of the 
cyanide-treated cells in fresh methanol media. Biochemical 
experiments showed that the cyanide-induced inactivation 
of AO was due to the release of flavin adenine dinucleotide 
(FAD)  from  the  holo  enzyme.  However,  dissociation  of 
octameric AO into subunits was not observed. Subsequent 
growth of intact cyanide-treated cells in fresh methanol me- 
dia was paraMled by proteolytic degradation of part of the 
peroxisomes present in the cells. The recovery of AO activity, 
concurrently observed in these cultures, was accounted for 
by synthesis of new enzyme protein.  Reactivation of pre- 
viously inactivated AO was not observed, even in the pres- 
ence of FAD in such cultures. Newly synthesized AO protein 
was incorporated in only few of the peroxisomes present in 
the cells.  3~p  nuclear  magnetic resonance  (NMR)  studies 
showed  that  cyanide-treatment of the  cells led  to  a  dissi- 
pation of the pH gradient across the peroxisomal membrane. 
However, restoration of this pH gradient was fast when cells 
were incubated in fresh methanol medium after removal of 
the cyanide. 
Key  words:  Hansenula  polymorpha  -  Peroxisomes  - 
Alcohol oxidase -  Protein assemblage -  FAD  -  Cyanide 
Alcohol  oxidase (AO) is a  key enzyme in methanol meta- 
bolism in yeasts and is massively synthesized during growth 
of cells under methanol limitation (Tani et al. 1972a; Sahm 
and Wagner  1973;  van Dijken  1976).  In its mature active 
form, AO is a protein of high molecular mass consisting of 8 
identical subunits, each of which contains one noncovalently 
bound FAD as the prosthetic group (Kato et al. 1976).  This 
form of the enzyme is compartmentalized since its activity is 
confined to the peroxisomal matrix (Veenhuis et al. 1983a). 
Inactive monomers are synthesized in the cytosol and trans- 
located  into  peroxisomes  without  posttranslational  pro- 
cessing where assemblage and activation takes place (Roa 
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and Blobel 1983).  Import and assemblage of AO are prob- 
ably very efficient processes since  the pool of monomeric 
protein under normal methylotrophic growth conditions is 
generally undetectably low (Veenhuis et al.  1983a;  Good- 
man et al. 1984). 
Little is known on the molecular mechanisms involved 
in  import,  assemblage  and  subsequent  activation  of 
peroxisomal proteins.  Lazarow (1980)  showed that in  rat 
liver monomeric precursor molecules of catalase and heme 
are taken up separately into their target organelle and are 
there  assembled  into  active  tetramers.  However,  whether 
heme-containing monomers are intermediates in this process 
is  still  speculative.  Similarly,  the  assemblage of octameric 
AO and the possible role of FAD in this process is largely 
unknown.  Kinetic  studies,  conducted  by Goodman et  al. 
(1984) indicated that in Candida boidinii AO is oligomerized 
inside  the  peroxisome.  Also  in  this  case  the  presence  of 
FAD-containing intermediates is unknown.  Studies on the 
assemblage and activation of AO under in vitro conditions 
(Mincey  et  al.  1980)  were  found  not  to  be  reproducible 
(Brooke and Dijkhuizen, unpublished work). For this rea- 
son we have now studied whether FAD once released can 
subsequently reassociate with apo-octameric protein under 
in  vivo conditions.  These experiments were  based  on  the 
finding that in intact cells FAD is readily dissociated from 
the octameric holo-enzyme by incubating methanol-grown 
cells in the presence of KCN (Bruinenberg et al. 1982).  The 
results, presented in this paper, indicate that in methanol- 
limited cells of H. polymorpha, cyanide-induced inactivation 
of AO is irreversible. Recovery of AO activity during sub- 
sequent  growth  of  the  cyanide-treated  cells  in  fresh 
methanol-containing media lacking KCN, was due to syn- 
thesis  of new  enzyme protein.  Reactivation of previously 
inactivated  AO  by reassociation  with  FAD  was  not  ob- 
served. 
Materials  and methods 
Organism and growth 
Hansenula polymorpha  (CBS  4732)  was used in all exper- 
iments.  The  organism  was  grown  in  methanol-limited 
chemostat  cultures  at  various  dilution  rates  (D)  ranging 
from 0.06--0.10 h -1  (van Dijken et al.  1976).  For inacti- 
vation  experiments  samples  of  chemostat  cultures  were 27 
transferred  into  Erlenmeyer  flasks  with  mineral  medium 
lacking  the  carbon(C)-source  as  described  previously 
(Veenhuis et al. 1978),  supplemented with 6 mM KCN and 
incubated at  37~  After 2 h  of incubation the cells were 
harvested by centrifugation, washed once in fresh mineral 
medium to remove excess KCN and subsequently incubated 
in fresh media supplemented with 0.5%  (v/v) methanol as 
the  sole  C-source.  In  a  number  of experiments  2 mg/ml 
cycloheximide (CHI) was added to these cultures as an in- 
hibitor  of protein  synthesis.  In  some  cases  75 ~tM  flavin 
adenine  dinucleotide (FAD)  was  also  added  to  replenish 
eventual depleted FAD-pools in the ceils. In case of  continu- 
ous labeling experiments, cyanide-treated cells were trans- 
ferred into fresh methanol media as  above (final volume: 
10 ml) supplemented with 9.25 106 Bq [35S]-methionine. 
Enzyme assays 
Preparation of cell free extracts and determination of AO 
activity were performed as described by van Dijken et al. 
(1976).  In continuous labeling experiments cell free extracts 
were  prepared  by shaking  washed  cells  with  glass  beads 
in lysis buffer, containing 10 mM Tris-HC1, pH 8.0,  5 mM 
EDTA,  150 mM  NaCI  and  I%  (v/v)  Triton X-100,  on a 
Vortex rotary shaker for 20 rain at 4~  Centrifugation was 
performed in an Eppendorf microfuge. 
Enzyme purification and preparation of antisera 
AO was purified as described by Douma et al. (1985). The 
purified enzyme was used for the preparation of antiserum 
in rabbit. The quality of the antisera was tested by Western 
blotting using the protoblot immunoblotting system (Pro- 
mega Biotec). 
Protein concentrations 
AO  protein concentrations in  cell free extracts were esti- 
mated by rocket immuno electrophoresis (RIE) as described 
by Laurell (1966).  Purified AO was used as standard.  AO 
concentrations  in  the  standard  were  calculated  from the 
absorption at 280 nm (Kato et al. 1976). Total protein con- 
centrations were determined according to Bradford (1976) 
using bovine serum albumin as standard. 
Estimation of FAD/AO protein ratio's 
and immunological demonstration of AO protein 
AO protein was separated from other proteins using a FPLC 
system as described by Schutten et al. (1987). Gel filtration 
was performed using a Superose 6 column with 50 mM Tris 
" SO4  z -, pH 8.0 as a running buffer at a flow rate of 0.4 ml/ 
min. The eluate was collected in fractions of 1 ml. Protein 
contents of AO activity containing fractions were estimated 
from the absorption at 280 nm (Bruinenberg et al.  1982). 
These  fractions  contained  almost  pure  AO  protein  as 
checked  by  sodium  dodecyl  sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE)  (Laemmli  1970).  FAD  con- 
tents of these fractions was estimated from the absorbance 
at 436 nm after extraction with trichloroacetic acid (TCA) 
(Brooke et al. 1986). All fractions were analyzed by RIE and 
Western blotting as described above. In continuous labeling 
experiments, proteins were separated  by sucrose gradient 
centrifugation (Goodman et al.  1984).  The gradients were 
harvested by taking 0.5 ml of samples from the top.  SDS- 
PAA and RIE gels of these experiments were embedded in 
20% 2,5 diphenyl oxazol (PPO) in 100% acetic acid before 
being dried and fluorographed. 
In vitro experiments 
Samples of  cell free extracts prepared from chemostat-grown 
cells (D = 0.08 h- 1) were incubated in the presence of 6 mM 
KCN at 37~  for 2 h.  Control samples were incubated in 
the absence of KCN. After incubation, KCN was removed 
by desalting on a Sephadex G-25 column (PD-10 Pharmacia) 
using 50 mM potassium phosphate buffer pH 6.0. Desalted 
extracts were supplemented with FAD (final concentration 
1 raM) and incubated at 37~  for 2 h. 
31p nuclear magnetic resonance ( NMR  ) experiments 
31p NMR spectra were obtained at 121.49 MHz on a Bruker 
MSL 300 spectrometer according to the procedures detailed 
previously (Nicolay et at. 1987). 
Formation of spheroplasts 
Spheroplasts were prepared by treatment of whole cells with 
Zymolyase at  37~  for 3 h  as described by Douma et al. 
(1985). 
Electron microscopy 
Cytochemical demonstration of AO activity was performed 
by both the DAB- and the cerium-based method described 
before (Veenhuis et al. 1976). 
For studies of the cell morphology, whole cells were fixed 
in  1.5%  (w/v)  KMnO4  at  room temperature for 20 rain. 
Spheroplasts were fixed in 6% (v/v) glutaraldehyde in 0.1 M 
sodium  cacodylate  buffer  pH7.2  at  0~  for  60rain. 
Postfixation  was  performed  in  a  solution  of  1%  (w/v) 
OsO4 + 2.5% (w/v) KzCrzO7 in the same cacodylate buffer 
at room temperature for 60 min. 
After  fixation/postfixation  -  also  after  cytochemical 
staining experiments -  the samples were poststained in 1% 
(w/v) uranyl  acetate in  distilled  water for 8-16 h,  dehy- 
drated in  a  graded ethanol series and  embedded in Epon 
812.  Ultrathin sections were cut with a diamond knife and 
examined in a Philips EM 300. 
Results 
Biochemical experiments 
Experiments,  performed  using  chemostat-grown  cells  of 
Hansenula  polymorpha  revealed  that  the  kinetics  of the 
cyanide-induced inactivation of AO were similar throughout 
the range of dilution rates tested. The results of a  typical 
experiment conducted with cells grown at D =  0.06 h- 1 are 
shown  in  Fig. 1.  As  is  evident  from  this  figure,  the  AO 
activity decreased to 9.3% of its original value within 2 h of 
incubation. This inactivation was paralelled by a  compar- 
able decrease in the FAD/AO protein ratio. However, since 
the total amount of  octameric AO protein remained constant 
during  the  same  time  interval,  these  results  implied  that 
FAD had dissociated from the octameric protein. 
The recovery of AO  activity was studied after transfer 
of  the  KCN-treated  cells  into  fresh  -  cyanide-free  - 28  Ail  S010 
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Fig. 1A, B. Growth (A), AO activity (e), FAD/protein ratio ((2)) 
and  concentration  of AO protein (El)  (B)  during incubation of 
chemostat-grown cells (D-= 0.06 h-1) with KCN and subsequent 
growth  of these  cells in  fresh,  cyanide-free, methanol  medium. 
Growth  is expressed as  absorbance  (663 nm),  the  data  in  B  as 
percentages of the original values determined prior to the cyanide 
incubation (T = 0).  At T = 0  the AO  activity was  6.1 U/ml,  the 
FAD/protein ratio 0.065  (A436/Azso) and the AO protein concen- 
tration 0.33 mg/mg protein. The dashed lines represent the data of 
a culture supplemented with 2 mg/ml CHI and 75 gM FAD after 
the KCN incubation 
methanol-containing  media.  Viability tests  indicated  that 
over 95%  of the cells survived the above cyanide treatment. 
Growth after the shift of ceils into the fresh media started 
after  a  short  lag (Fig. 1 A) and was  paralelled by a  rapid 
recovery  of  AO  activity  (Fig. 1B).  However,  the  total 
amount  of AO protein declined to  approximately 60%  of 
the amount  originally present during the first 6 h  of culti- 
vation of the cells in the new environment.  Similarly, also 
the  FAD/AO  protein ratio initially slightly decreased  but 
increased again after 3 h  of incubation in the fresh methanol 
media  (Fig. 1 B).  Incubations  in  the  presence  of  cyclo- 
heximide did not result in growth (Fig. 1 A) or alterations 
in  AO  activity (Fig. 1 B)  independent  whether  FAD  was 
added to these cultures. 
The  protein  composition  of the  different  samples was 
studied by FPLC (Fig. 2A). The peak fraction (after 12.5 ml 
elution) in the elution profile from samples, prepared from 
chemostat-grown  cells  (D =  0.08 h -1)  immediately  after 
KCN incubation, was highly enriched in AO protein as was 
evident from immunoblotting and RIE (Fig. 2 B, C, lanes 1). 
All other  peak  fractions,  containing  proteins  of different 
molecular weight,  did not  contain  any immunodetectable 
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Fig. 2.  A  FPLC  Superose 6  elution profiles of cell free  extracts 
prepared  from  chemostat-grown  H.  polymorpha  (D = 0.08 h -1) 
taken immediately after a 2 h incubation with 6 mM KCN (T = 0) 
and after a further incubation of these cells in fresh methanol me- 
dium for respectively  3 and 6 h. Samples of  200 pl extract containing 
2.5 mg protein/ml were loaded on the column in all cases. All frac- 
tions were subjected to Western blotting and RIE. Characteristic 
examples (arrows, numbered 1-4) of these are shown in B and C. 
B Western blots of fractions 13 and 17 (20 gl of each fraction was 
used). The Iane numbers correspond with the numbers in the FPLC 
elution profiles (A). Lane 1 shows a strong AO band at 75000.  All 
other fractions lacked AO protein. AO proteins of  smaller molecular 
mass were not detected (lane 2). After 6 h incubation of cells in fresh 
methanol media the band of 75 000 is also evident, together with a 
minor band at approximately 60000  (lane 3).  In addition a weak 
band at approximately 40000 was present in fraction 17 (lane 4). 
This band most probably contains smaller AO fragments resulting 
from proteolytic breakdown in degrading peroxisomes (compare 
Fig. 9). C RIE gels of the same fractions (equal numbers represent 
equal fractions) as used for the blots shown in B. The sharp peaks 
in lane  1 and 3 represent octameric AO. The peak heights, which 
correspond with the concentration of AO in the fractions, decreased 
during the incubation of cells in fresh methanol medium (compare 
A). Other forms of AO were not detected immediately after KCN 
incubation (lane 2).  The smaller fragments, present in fraction 17 
(compare B, lane 4) gave rise to a diffuse precipitation peak on RIE 
gels (lane 4) 29 
Table 1. AO activities in cell-free extracts, prepared from chemostat- 
grown H. polymorpha (D -- 0.08 h-l), after incubation  with 6 mM 
KCN at 37~  for 2 h (1) followed by incubation  in the presence of 
1 mM FAD at 37  ~  C for 2 h after removal of  free KCN on a desalting 
column (2) 
Incubation  AO activity  Relative activity 
1.6 mM KCN  1.6 (30.0)  5.3 (100) 
2. 1 mM FAD  1.3 (25.5)  5.3 (100) 
AO activity is expressed as U/m1, the relative activity as percentage 
of the control values. The values of the controls,  which had the 
same treatments without  KCN are given in brackets 
Fig. 3. Fluorograms of RIE gels from extracts  of cyanide treated 
cells (D = 0.06 h- 1) after transfer into fresh media with [35S]-meth- 
ionine. After 1 h of incubation  (T = 1) a thin diffuse precipitation 
line can be observed  (lane 1), probably caused by AO precursors 
molecules, since labeled mature AO protein was undetectable at this 
stage of cultivation  (data not shown). At 3 h of incubation  (T = 3) 
a  sharp  precipitation  peak  is  observed  (lane 2)  representing 
octameric  AO.  After sucrose gradient  centrifugation  of these ex- 
tracts the upper part of the gradient showed slightly labeled diffuse 
precipitation  peaks (lane 3).  Fractions  in  the  lower  part  of the 
gradient  contained  highly  labeled  octameric AO  protein  which 
caused  a  sharp dense precipitation  peak on the  RIE fluorogram 
(lane 4) 
Fig. 4. Fluorogram of a SDS-PAA gel. Extracts were prepared from 
[3sS]-methionine grown cells at T = 1 (lane I) and T = 3 (lane 2) as 
described for Fig. 3 
AO  protein.  Comparison  of the  above results  with  those 
obtained  from samples prepared after  3  and  6 h  of incu- 
bation in fresh methanol media (Fig. 2A) indicates that the 
peak surface due to octameric AO considerably decreased 
in  time.  In  addition,  diffuse precipitation  peaks  (Fig. 2 C, 
lane 4) were now found in the RIE gels of some of the FPLC 
fractions that contained proteins of lower molecular weight 
(l 6.5 ml elution). The results obtained after Western blotting 
(Fig. 2B, lane 4) of these fractions suggest that these diffuse 
peaks represent smaller AO fragments. Whether these frag- 
ments are due to proteolysis of already existing AO, as was 
suggested by the data presented in Figure 1, or result from 
newly synthesized AO protein, was studied in vivo by con- 
tinuous  labeling  experiments  using  [35S]-methionine.  The 
results are presented in Fig. 3. The diffuse precipitation line, 
present in the RIE gel fluorogram from cell free extracts of 
cells incubated for I h in the fresh methanol medium (Fig. 3, 
lane  1),  most probably is  due  to precursor forms of AO, 
since labeled octameric protein was not  detected  after su- 
crose density centrifugation  of these fractions (results  not 
shown).  However,  labeled  octameric  AO  was  readily  de- 
tected in extracts prepared from cells after 3 h of incubation 
(Fig. 3, lane 2, 4). The diffuse peaks, obtained in other frac- 
tions of the sucrose gradient (lane 3), may represent degra- 
dation products of AO resulting from proteolytic turnover 
of  peroxisomes  which  had  already  incorporated  newly 
synthesized, and thus labeled, protein before they were sub- 
ject  to  degradation  (for  details  on  the  degradation  of 
peroxisomes  under  the  above  conditions  see  Electron 
Microscopy section).  Fluorograms of SDS-PAA gels of the 
same fractions as in Fig. 3 are shown in Fig. 4. These results 
indicate that after one hour of incubation of cells in the fresh 
methanol medium, AO protein was not detectable. However, 
a  major band  at  approximately 23000  is  evident in  these 
samples. Perhaps this protein plays an important role in the 
restoration of AO activity after the KCN incubation. After 
3 h of incubation a major band is found at 75000, the molec- 
ular mass of mature AO, together with various minor bands 
at lower molecular weights. 
Taken together these results indicate that the recovery of 
AO activity is dependent on protein synthesis. Reactivation 
(by reassociation of FAD) of previously inactivated AO was 
not  observed.  As is  evident from the  data  summarized in 
Table 1, reassociation was also not observed under in vitro 
conditions.  Two hours  of incubation  of a  cell-free extract 
prepared from chemostat-grown H. polymorpha with KCN, 
resulted in a  comparable inactivation as the in vivo inacti- 
vation (5.3%  and 9.3%  of the activity was left after 2 h  of 
incubation;  compare Fig. 1).  Increase of AO  activity was 
not obtained after 2 h of incubation with excess FAD after 
removal of KCN. 
31p Nuclear magnetic resonance (NMR) 
Bellion and Goodman (1987)  recently showed that import 
and  assembly  of AO  protein  in  peroxisomes  of Candida 
boidinii is energy dependent. In order to study whether the 
above observed inability to reactivate previously inactivated 
AO is related to the peroxisomal energy status,  31p-NMR 
experiments were performed.  By this  method we  recently 
showed that under in vivo aerobic conditions a considerable 
pH  gradient  (acidic  in  the  peroxisomal lumen)  is  present 
across  the  peroxisomal  membrane  (Nicolay  et  al.  1987) 
which most likely is generated by a  H+-ATPase present in 
this membrane (Douma et al. 1987). 
Figure  5  shows  a  series  of  3~P-NMR  spectra  of 
chemostat-grown H. polymorpha which illustrates the effects 
of KCN on cellular ATP levels and the energy status of the 
peroxisomal membrane. Under  aerobic conditions  control 
cells (Fig. 5 A) displayed high levels of ATP and a consider- 
able  difference  in  chemical  shift  between  cytosolic Pi  (of 
somewhat  low  intensity in  Fig. 5A,  but  clearly visible in 
Fig. 5C) and peroxisomal Pi demonstrating that a pH gradi- 
ent  across the peroxisomal membrane existed under these 
conditions. Treatment with KCN for 2 h (Fig. 5 B) depleted 3O 
Pi,c [  ATP  / 
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Fig, 5 A- C. 3  xP_NMR spectra of  H. polymorpha  cells  before, during 
and after KCN treatment. Spectra shown were obtained from: (A) 
control cells; (B) cells treated with KCN for 2 h; (C) cells which 
had recovered for 2 h from a 2 h KCN treatment. Abbreviations: 
SP,  sugar phosphates;  Pi.~, cytosolic inorganic phosphate;  Pi,p, 
peroxisomal inorganic phosphate; CW, cell wall phosphomannan; 
PP,PP and  t  P middle, penultimate  and  terminal  phosphates  in 
polyphosphate, respectively 
the  cells  of ATP  and led  to  a  collapse of the above pH 
gradient since peaks Pi,c and Pi,p became superimposed at a 
chemical shift intermediate between their original positions 
(Fig. 5 A). Removal of KCN (Fig. 5 C) led to a rapid resto- 
ration of the pH gradient while also ATP peaks reappeared. 
This  recovery  most  probably  is  due  to  the  restoration 
of  oxidative  phosphorylation  processes  since  31P-NMR 
spectra of control cells obtained under anaerobic conditions 
(not shown) are essential indistinguishable from those of 
cells obtained in the presence of KCN under aerobic con- 
ditions. Thus, KCN treatment caused depletion of ATP and 
dissipation of the pH gradient across the peroxisomal mem- 
brane.  Both appeared  readily reversible upon removal of 
KCN. 
Electron microscopy 
Observations  on ultrathin sections of KMnO4-fixed cells 
revealed  that  the  overall  subcellular  morphology  of 
chemostat-grown cells of H. polymorpha was unaltered after 
2 h of incubation in the presence of KCN (Fig. 6). The cells 
were  characterized  by  the  presence  of many  large  per- 
oxisomes which were  generally cuboid  of shape.  As  was 
evident from  glutaraldehyde/OsO4-fixed spheroplasts  the 
cyanide  treatment  did  infrequently  affect the  crystalline 
matrix which in a number of organelles now appeared partly 
disturbed.  Cytochemical  experiments  indicated  that  all 
peroxisomes showed AO activity prior to the cyanide-incu- 
bation. After KCN incubation the organelles remained un- 
stained indicating that AO was inactivated (Fig. 7). How- 
ever, serial sectioning revealed that in a considerable number 
of  cells,  present  in  the  incubated  samples,  a  single 
peroxisome was present which still  displayed AO activity 
(Fig. 8). 
After transfer of the  KCN  incubated cells into fresh 
methanol  containing media,  degradation  of part  of the 
peroxisomal population, present in the cells, was observed 
(Fig. 9). Degradation occurred by means of an autophagic 
process  similar  to  that  described  for  the  degradation  of 
AO containing peroxisomes under glucose-excess  conditions 
(Veenhuis et al.  1983b).  Concurrent with the degradation 
of part  of the peroxisomes  originally present  new,  small 
organelles developed in the initial hours of growth. Obser- 
vations  on  KMnO4-fixed  ceils  suggested  that  these 
organelles  originated  from mature,  unaffected organelles 
still present, by fission, similar as described for the develop- 
ment of peroxisomes during normal methylotrophic growth 
(Veenhuis et al. 1978, 1979). During subsequent growth, the 
newly formed cells showed an overall morphology character- 
istic for cells grown on methanol in batch culture (Veenhuis 
et al.  1976) in that they contained many, relatively small, 
rounded  peroxisomes.  Cytochemical  experiments,  per- 
formed on samples taken during the initial hours of growth 
of cells in the fresh methanol media indicated that AO ac- 
tivity was  not restored  in  all  the  peroxisomes  originally 
present. Judged by the distribution of the reaction products, 
only few of the  organelles  showed AO  activity after 3 h 
incubation. These results also suggested that this activity  was 
due to the incorporation of newly formed enzyme protein in 
already existing organelles, since the reaction products were 
mainly  localized  at  the  perimeter  of  these  organelles 
(Fig. 10). Furthermore,  reappearance  of AO  activity was 
confined to the relatively smaller organelles, present in the 
cells  (Fig. 10).  In  addition,  the  small  newly  formed 
organelles invariably were intensely stained (Fig. 10,  11). 
The cytochemical experiments furthermore suggested that 
the presence of AO activity was not a prerequisite for the 
capacity of peroxisomes to form new organelles by fission 
since newly formed organelles, harbouring AO activity, were 
also observed associated with large organelles, which lacked 
activity of the enzyme (inset Fig. 11). 
Discussion 
Our present observations that AO of Hansenula  polymorpha 
is inactivated in vivo by KCN because of dissociation of 
FAD from the holo-enzyme, confirms earlier results in this 
(Bruinenberg et al. 1982; Veenhuis et al. 1983b)  and other 
yeasts (Volfova 1975; Patel et al. 1981; Hopkins and Miiller 
1987). Generally, cyanide-induced inactivation of an enzyme 
is caused by its binding to bivalent metal ions (primarily in 
metaUoporphyrines and copper enzymes) thus resulting in 
complex formation or removal of the metal ion from the 
enzyme proteins (Hewitt and Nicholas 1963). However, since 
the activity of AO is not dependent on bivalent metal cations 3~ 
Figs. 6-8. Fig. 6 shows the overall cell morphology of a culture grown at D = 0.08 h- 1 (marker is 1 ~tm). After the cyanide incubation the 
peroxisomes  generally remained unstained after incubation with DAB and methanol, indicating the absence of alcohol  oxidase  activity 
(Fig. 7). In a number of cells a single organe/le was observed which still  displayed atcohol oxidase activity after cyanide treatment (Fig. 8; 
DAB + methanol) 
Fig. 9. Thin section through a cell, grown for 3 h in the fresh methanol medium, showing the presence of degrading peroxisomes  (A) in 
these cells 
Figs. 10,  11 show  results  of eytochemical  staining experiments for the detection of alcohol  oxidase  activity,  3 h after the shift  of cells. 
Figure 10 shows  that mainly the small, newly formed organelles  are stained, sometimes  predominantly at their edge (DAB + methanol; 
glutaraIdehyde/OsO4).  Figure 11 shows a detail of a newly formed cell (bud) in which Ml peroxisomes  are stained after incubation with 
CeCI~ and methanol. The inset shows two intensely  stained small peroxisomes,  attached to art organelle, which showed no reaction products 
after ir~cubation with CeCt3 and methanol (gkttaraIdehyde/OsO,) 
Electron micrographs.  All micrographs are taken of chemostat-grown cells of Hansenula polyrnorpha fixed/postfixed  with KMnO,, unless 
otherwise stated. Abbreviations:  L  -~ lipid droplet; M-mitochondrion; P-peroxisome.  The marker represents 0.5 ptm 32 
(Pate1 et al.  1981; Tani et al.  1972b) the above mechanism 
cannot explain  the  observed inactivation  of this  enzyme. 
Based on the observations that inactivation of AO by KCN 
occurs to the same extend in vitro as compared to the in 
vivo  situation,  the  most  likely  explanation  is  that  KCN 
causes  FAD  dissociation  through  a  chaotropic effect.  A 
similar mechanism has  been suggested for the cyanide-in- 
duced inactivation of FAD-containing phenol hydroxylase 
in Trichosporon cutaneum (Neujahr 1983). An other possible 
explanation, namely influence of alterations in the internal 
environment of the peroxisomal matrix on AO activity as a 
result  of the  dissipation  of the  pH-gradient,  which exists 
across the peroxisomal membrane (Nicolay et al.  1987),  is 
less likely.  Firstly, this did not result in dissociation of AO 
protein, as was evident from the RIE data. Secondly, a sole 
dissipation of the pH gradient probably does not affect the 
binding of FAD, since release of FAD -- and inactivation 
ofAO -  is never observed under conditions where the above 
pH  gradient  is  dissipated  otherwise,  e.g.  by  uncouplers 
(Nicolay et al. 1987). 
Subsequent cultivation of cyanide-treated cells revealed 
that previously inactivated AO was not reactivated during 
further growth of cells  on methanol;  the  recovery of AO 
activity had to be accounted for by synthesis of new enzyme 
protein. The observed inability to reassociate FAD to apo- 
octameric protein is most probably not due to irreversible 
changes  in  the  original  environment  of the  peroxisomal 
matrix as was evident from the cytochemical results, which 
indicated  that  newly  synthesized  active  -  and  thus 
octameric  -  AO  was  present  at  the  edge  of  larger 
peroxisomes that otherwise only contained still inactivated 
AO. These results therefore suggests that in vivo FAD binds 
to monomeric protein or other intermediate stages prior to 
octamerization/activation. The above hypothesis is different 
from the AO assembly pathway in C. boidinii,  proposed by 
Bellion and Goodman (1987),  who suggested that FAD is 
bound to AO octamers several minutes after octamerization. 
Our present  results  confirm other observations (Veen- 
huis et al. 1988) that chemostat-grown  cells of H.polymorpha 
may contain a  population of heterogeneous peroxtsomes. 
This is among others indicated by the findings that part of 
the organelles remained unaffected by cyanide whereas, after 
the shift of cells  into fresh methanol media,  only a  minor 
part of the organelles was capable of incorporating newly 
formed AO protein. Although the mechanisms behind these 
phenomena remain unclear, they may -  at least partly  - 
be related to alterations in the energy status  of individual 
peroxisomes (Veenhuis et al. 1988). 
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